21 Biophysical Phenomics Reveals Functional
Building Blocks of Plants Systems Biology:
a Case Study for the Evaluation
of the Impact of Mycorrhization
with Piriformospora indica*

R.J. Strasser, M. Tsimilli-Michael, D. Dangre, and M. Rai
21.1
Introduction

Soil microbial activity is a main parameter in ecosystem functions. Arbuscular
mycorrhiza fungi are mutualistic microsymbionts of about 90% of higher plants
in natural, semi-natural and agricultural plant communities. As mycorrhizo-
sphere systems can be tailored to help plants to survive in nutrient-deficient,
degraded habitats or during stress periods, they are highly advantageous in sus-
tainable agriculture. However, the success of this practise, as for any microbial
inoculation, depends strongly on the effectiveness of mycorrhization, which de-
pends on complex interactions between plant and symbiont.

Mycorrhization has multiple effects on the physiology of the plant at different
levels. We focus our interest on the responses of the photosynthetic apparatus and
especially on photosystem (PS) II (see e.g. Tsimilli-Michael et al. 2000) which is
well known to be a component of the plant system highly sensitive to any stress.

Our approach for the evaluation of the effectiveness of mycorrhization, which
we term biophysical phenomics, is based on the description of an in vivo vitality
analysis (behaviour/performance) of PSII, i.e. the description of a biophysical
phenotype. The tools that provide access to this phenotyping, termed the “JIP-
test”, are based on the analysis of the fast fluorescence kinetics O-J-I-P exhibited
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by all oxygenic photosynthetic organisms upon illumination (for reviews, see
Strasser et al. 2000, 2004).

Moreover, in our analysis, we show that biophysical phenotyping, which re-
fers to the system macrostate, allows us to recognise and evaluate impacts on
the function and (re)distribution of the heterogeneous microstates — functional
building blocks — whose balance defines the macrostate (Strasser and Tsimilli-
Michael 2005).

We also present, as an application of our approach, a case study of the benefi-
cial role of the emerging growth booster and in vitro-cultivable Piriformospora
indica (Varma et al. 1999) on chick peas (Cicer arietinum L. Chafa variety) ex-
posed to cadmium stress, which we further compare with the impact of typical
arbuscular mycorrhiza fungi (Glomus mosseae, Glomus caledonium).

21.2
Biophysical Phenomics of the Fast Fluorescence Rise 0-J-1-P

21.2.1
The Energy Cascade in the Photosynthetic Apparatus

A simplified scheme for the energy cascade in photosystem II of the photo-
synthetic apparatus is presented in Fig. 21.1 (modified after Epitalawage et al.
2003). Not only solar energy but any light energy of suitable wavelengths, i.e.
wavelengths that can be absorbed by chlorophyll and accessory pigments, has
the same fate. In the energy conservation pathway, the flux of photons is trans-
formed sequentially to a flux of excitons, a flux of electrons and a flux of mol-
ecules. The electron flow is coupled to the formation of adenosine triphosphate
(ATP), which is a high-energy compound. The end-products are molecular
oxygen (O,), evolved by water (H,O) splitting, and sugars, formed from carbon
dioxide (CO,). Part of the excitation is not conserved; it is dissipated, mainly as
heat and less as fluorescence emission by chlorophyll (Chl) a. As the kinetics
of Chl a fluorescence reflect changes in the function and structure of PSII and,
concomitantly, changes in the whole electron transport chain, they provide a
very useful, non-invasive tool for the investigation of the behaviour and perfor-
mance of the photosynthetic apparatus.

21.2.2
Microstates — Functional Building Blocks of Photosynthesis

According to open system thermodynamics, the Gibb’s energy, linked to bio-
chemical activity (quantity term), and the entropy-related energy component,
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Fig. 21.1 A simplified scheme for the energy cascade in photosystem II (PSII) of the photosyn-
thetic apparatus (modified after Epitalawage et al. 2003). Light absorption (ABS) creates excited
chlorophyll. Part of the excitation energy is dissipated, mainly as heat (heat dissipation, DI) and less
as fluorescence emission (F); another part is channelled to the reaction centre (trapping, TR) to be
converted to redox energy (Energy Conservation), with the simultaneous evolution of oxygen (02)
by water (H20) splitting. The redox energy creates electron transport (ET), which, via PSI (not
shown), leads ultimately to CO, fixation into sugars (Metabolism)

linked to the structure, complexity and organization of the system (quality
term) follow optimization strategies, potentially establishing steady-states (sta-
bility term) under given conditions (see Strasser and Tsimilli-Michael 2005).
Recognizing the high complexity and heterogeneity of the photosynthetic
system in nature (see also Strasser 1985; Strasser and Tsimilli-Michael 1998), we
propose that its apparent state is a heterogeneous macrostate, determined by the
statistical distribution of microstates, as listed in the model shown in Fig. 21.2
(modified after Strasser and Tsimilli-Michael 2005): architecture of PSII and
PSI antenna, i.e. size and connectivity among units (grouped/separate), light-
harvesting complexes (LHC II and I), kinase-catalyzed migration from PSII to
PSI of an LHC component when phosphorylated (LHC~P), spill-over from PSII
to PSI antenna, types of electron donation to PSII raction centers (from wa-
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ter oxidation or internal/external donors), Q, reducing reaction centers (RC)
or non-Q, reducing (heat sinks), Qp reducing or non-Qy reducing (slow Q,re-
oxidizing) units, states of intermediate electron carriers (PQ pool, Cytb6/f, PC),
splitting of PSI acceptor side, in non-NADP-reducing pathways and NADP-re-
ducing pathways, the latter further split in non-CO,-fixing and towards CO,
fixation. For any steady-macrostate (optimal/adapted), the balance of mecha-
nisms governing the distribution of microstates is equivalent to optimizations of
quantity, quality and stability, which are interrelated, governed by the genetics
of the system, its resources and its environment. Concomitantly, stress is any
disturbance of the achieved balance, upon which the system undergoes micro-
state changes towards a new optimal balance, i.e. a new macrostate (Strasser and
Tsimilli-Michael 2005).

21.2.3
Measuring Fluorescence Transients with PEA,
Handy-PEA and FIM- Fluorimeters

Chl a fluorescence transients exhibited by any photosynthetic material are mea-
sured by a PEA (Plant Efficiency Analyser) or Handy-PEA fluorimeter (Hansat-
ech Instruments, King’s Lynn, UK; Fig. 21.3) or FIM fluorimeter (Fluorescence
Induction Meter 1500; ADC, Hoddesdon, UK). The transients are induced by a
red light (peak at 650 nm) of 600 W m™ (equivalent to 3200 pE s' m™) provided
by an array of six (PEA and FIM fluorimeters) or three (Handy-PEA fluorim-
eter) light-emitting diodes, and recorded for 1 s with 12 bit resolution. The data
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Fig. 21.3 The PEA (Handy-
PEA) fluorimeter used for
our studies. The photo is
from in situ measurements,
with the clips already put
on the leaves to dark-adapt
them. The insert shows

the sensor of the instru-
ment, which provides, by
LEDs, the red actinic light
(650 nm) and collects the
fluorescence signals

acquisition in the PEA and FIM fluorimeters is every 10 s for the first 2 ms,
every 1 ms between 2 ms and 1000 ms and every 100 ms thereafter (for further
details, see Strasser et al. 1995; for reviews, see Strasser et al. 2000, 2004), while
in the Handy-PEA fluorimeter it is every 10 ps (in the interval 10 ps to 0.3 ms),
every 0.1 ms (0.3-3.0 ms), every 1 ms (3-30 ms), every 10 ms (30-300 ms), etc.
(see e.g. Toth et al. 2005). The first reliable measurement with PEA and FIM
fluorimeters is at 50 ps, while with the Handy-PEA fluorimeter it is at 20 ps.

21.2.4
How Fluorescence Kinetics Provide an Insight
to the Microstates — Functional Blocks of PSII

21.2.4.1
Qualitative Screening of Many Samples

Screening of many samples in situ by recording Chl a fluorescence transients
is a very simple task. Figure 21.4 depicts Chl a fluorescence transients of dark-
adapted leaves of Hedera (left panel) and Shefflera (right panel), measured with



324 R.J. Strasser et al.

4000 2400 T
3500 L
2000 +
5 3000 [
S 1600 +
oo 2500 [
g [
g 2000 1200 +
2 r
2 1500 b
s 800 +
= -
= 1000 [
_ 400 + V%
500 [
0 0
1.0 1.0
0.8 0.8 1
s
=
; 0.6 0.6 1
=
R
= 04 0.4
1
=
0.2 A 0.2 A
0.0 0.0 -
2.0 7
50T Eéﬁ.."-:.-'a
g .
1 2 i
= 7] 40 1
=
= ¥ s
LI'- n‘fuﬂ
= 30T t AW,
= 1.0
I
z 20+ . 1.0
% ; .
» b
05 3 .
= 1.0+ f
,n!‘
0.0 e m T | 00 M e
0.01 0.1 1 10 100 1000 0.01 0.1 1 10 100 1000
Time, ms Time, ms

Fig. 21.4 Chl a fluorescence transients of dark adapted leaves of Hedera (left panels) and Shefflera
(right panels), measured with PEA and Handy-PEA fluorimeters respectively. Young leaves (black
open triangles) and mature leaves (open grey circles) from both plants were measured. The tran-
sients, induced by saturating red actinic light (peak at 650 nm) of 600 W m™ (equivalent to about
3000 pE s m™), are plotted on a logarithmic time-scale. The plots in the upper panels depict the
kinetics of the raw fluorescence data, F.. The kinetics of the relative variable fluorescence V,and W,,
calculated from the raw data as V, = (F-F,)/(Fu-F,) and W, = V\/V; = (F-F,)/(F-F,), are depicted
in the plots of the middle and lower panels respectively (left axis). In the plots of Vi and W, the cor-
responding differences AV, and AW,, between the average transients of young and mature leaves
(young minus mature) are also plotted (black closed diamonds; right axis). For other details, see
text
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PEA and Handy-PEA fluorimeters, respectively. Young leaves (black open trian-
gles) and mature leaves (open grey circles) from both plants were measured. The
transients, induced by saturating red actinic light (peak at 650 nm) of 600 W m™
(equivalent to about 3000 pE s™ m™), are plotted on a logarithmic time-scale.

The plots in the upper panels depict the kinetics of the raw fluorescence data,
F.. The first to observe is that all the transients are polyphasic with, however,
differences between the two species. We can also clearly observe that Shefflera
(right panel) exhibits a high homogeneity among samples, which permits the
distinction between young and mature leaves, while in Hedera possible differ-
ences are hidden under the wide heterogeneity between samples.

However, when we transform the kinetics of the raw data to the kinetics of the
relative variable fluorescence V, = (F.—F,)/(Fy-F,) or W, = V\/V; = (F-F,)/(F-F,)
[for the definition of terms and symbols, see text below as well as Fig. 21.5 and
Table 21.1], we can see in the respective plots of the middle and lower panels
a clear distinction between young and mature leaves for both species. In these
plots, the corresponding differences AV, and AW,, between the average tran-
sients of young and mature leaves (young minus mature) are also plotted (black
closed diamonds; secondary vertical axis).

21.2.4.2
The Typical 0-J-I-P Fluorescence Transient: Definition
of Steps and Selection of Fluorescence Data for the JIP-Test

The Chl a fluorescence transient, known as the Kautsky transient (Kautsky and
Hirsh 1931), consists of a rise completed in less than one second and a subse-
quent slower decline towards a steady state. Our method presented here utilises
only the fast rise that is generally accepted to reflect the accumulation of the
reduced form of the primary quinone acceptor Q,, otherwise the closure of the
reaction centres (RCs), which is the net result of Q, reduction due to PSII activ-
ity and Q,reoxidation due to photosystem I (PSI) activity. When the photosyn-
thetic sample is kept for a few minutes in the dark, Q, is fully oxidised, hence
the RCs are all open, and the fluorescence yield at the onset of illumination is
denoted as F, (minimal fluorescence). The maximum yield F; at the end of the
fast rise, depending on the achieved reduction-oxidation balance, acquires its
maximum possible value — denoted as Fy, - if the illumination is strong enough
to ensure the closure of all RCs. A lot of information has been driven during
the past 70 years from the fluorescence transient (for reviews, see Papageorgiou
1975; Briantais et al. 1986; Govindjee et al. 1986; Krause and Weiss 1991; Dau
1994; Govindjee 1995; Strasser et al. 2000, 2004).

Transients recorded with high time-resolution fluorimeters, e.g. the PEA- or
Handy-PEA instrument that we use, have provided additional and/or more ac-
curate information (Strasser and Govindjee 1992; Strasser et al. 1995; for re-
views, see Strasser et al. 2000, 2004). The fluorescence rise kinetics was shown
to be polyphasic, clearly exhibiting, when plotted on a logarithmic time-scale,
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Table 21.1 Summary of terms, definitions and formulae used by the JIP-test

Experimental signals

Symbol  Formula

Minimal fluorescence intensity” F,

Maximal fluorescence intensity Fu

Fluorescence intensity at 2 ms (J-step) F

Fluorescence intensity at 30 ms (I-step) F

Fluorescence intensity at 300 s Fios

Normalised signals

Maximum variable fluorescence Fy =Fu-F,

Relative variable fluorescence (from F, to Fy) Vi =(F-F)/ (Fu-F)
Relative variable fluorescence (from F, to F;) W, =(F.- Fy) / (F - Fy)
Relative variable fluorescence at the J-step \%] =(F-F)/ (Fu-F)
Relative variable fluorescence at the I-step Vi =(F-F)/ (Fy-Fy)
Initial slope® of the V = f(¢) transient: M, = M, = 4x (Fsoops — Fo) / (Fu - Fo)

(AV/At)o = (dV/dt)o = [dQA /QA,(o(al)/dt]o =
initial rate of primary photochemistry

Specific fluxes: energy fluxes per reaction centre

Specific flux for absorption
Specific flux for trapping
Specific flux for dissipation®

Specific flux for electron transport

ABS/RC = (My/V)) / [1 - (Fo/Fu)]
TR/RC = (Mo/V})

DI/RC = (ABS/RC) - (TR/RC)
ETJ/RC = (Mo/Vy) x (1 - V)

Yields or ratios of fluxes

Maximum quantum yield® of primary
photochemistry: ¢p,= TRo/ABS

Maximum yield" of electron trans-
port: ¢g, = ETo/ABS

Efficiency” of a trapped exciton to move
an electron into the electron transport
chain further than Qx : yo=ETo/TR,

Pro = [1 - (Fo/ Fu)]
Pro =[1 - (F/Fw] x (1-V))
Vo =(1-V)

* At the onset of illumination (at 50 s for PEA and FIM, or at 20 s for Handy-PEA, in which
case the initial slope must be calculated between 20 us and 270 ps)
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Fig. 21.5 A typical Chl a polyphasic fluorescence rise O-J-I-P, exhibited by higher plants. The tran-
sient is plotted on a logarithmic time-scale from 50 us to 1 s. The marks refer to the selected fluo-
rescence data used by the JIP-test for the calculation of structural and functional parameters. The
signals are: the fluorescence intensity F, (at 50 ps), the fluorescence intensities Fj (at 2 ms) and F (at
30 ms) and the maximal fluorescence intensity Fp= Fy (at frma). The insert presents the transient
expressed as the relative variable fluorescence V = (F-F,)/(Fu-Fo) vs time, from 50 ps to 0.75 ms on
a linear time-scale, demonstrating how the initial slope, also used by the JIP-test, is calculated: M,
= (dV/dt)() = (AV/At)n = (V3()0p5)/(0.25 ms)

the steps ] (at 2 ms) and I (at 30 ms) between the initial O (F,) and maximum
P level (Fp). Moreover, a much more precise detection of F, is achieved, as well
as the detection of the initial slope, which offers a link to the maximum rate of
photochemical reaction.

Despite differences among species (as e.g. shown in Fig. 21.4), all oxygenic
photosynthetic material investigated so far using this method show this poly-
phasic rise, labelled O-J-I-P. A typical Chl a fluorescence transient O-J-I-P is
shown in Fig. 21.5, plotted on a logarithmic time-scale. The following original
data are utilised by the JIP-test: the maximal measured fluorescence intensity,
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Fp, equal here to Fy since the excitation intensity is high enough to ensure the
closure of all RCs of PSII; the fluorescence intensity at 50 us considered as the
intensity F, when all RCs are open; the fluorescence intensity at 300 ps (Fsooys)
required for the calculation of the initial slope M, = (dV/dt), = (AV/At), of the
relative variable fluorescence (V) kinetics (see insert in Fig. 21.5); the fluores-
cence intensities at 2 ms (J-step) denoted as F;, and at 30 ms (I-step) denoted as
F, (for reviews, see Strasser et al. 2000, 2004).

21.24.3
The 0-L-K-J-I-H-G-P Fluorescence Transient: From Steps to Bands

As shown in Fig. 21.4, the kinetics of AV, and AW, (where V, and W, are differ-
ent expressions of relative variable fluorescence) reveal bands hidden in the J-
and I-steps of the fluorescence kinetics F,, which are much richer in information
than the original O-J-I-P.

Figure 21.6, which utilises the results of a stress study — nitrogen deficiency in
cowpea plants (Vigna unguiculata L) - reported by Schmitz et al. (2001), offers a
detailed presentation of these bands, regarding their position and labelling and
their relation with the main steps. (Note: the transients are here presented as
kinetics of AV,; choosing AW, would lead to the resolution of the same bands, as
can be seen in Fig. 21.4). The sequence of events is distinguished in single-turn-
over and multiple-turnover events. Moreover, the main information that can be
derived from each band is depicted, namely information concerning: Q,, the
oxidised primary quinone acceptor; p,c, the overall grouping probability within
PSIT antenna; OEC, the oxygen-evolving complex; Q;, the reduced (one elec-
tron) secondary quinone acceptor; Qj , the reduced (two electrons) secondary
quinone acceptor; QzH,, the protonated secondary quinone acceptor; EC,4, the
fully reduced electron carriers.

One can easily see that this list of derivable information provides an insight
to microstates — functional building blocks of photosynthesis, to which we de-
convolute (see Fig. 21.2) the macrostate — biophysical phenotype.

21.24.4
The JIP-Test: Conversion of Experimental Signals to Biophysical Parameters
and the Performance Index

For the evaluation of the impact of any stress and, similarly, of mycorrhizo-
sphere activity on plants, we apply the “JIP-test”, which provides a quantitative
analysis of the in vivo vitality — behaviour/performance - of PSII, i.e. a quanti-
tative description of the biophysical phenotype — macrostate, by accessing the
different microstates — functional building blocks. The “JIP-test” is an analysis of
the fast fluorescence kinetics O-J-I-P exhibited by all oxygenic photosynthetic
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Fig. 21.6 Chlorophyll a fluorescence transients exhibited by dark-adapted leaves of cowpea plants
(Vigna unguiculata L) grown at different KNO; concentrations (based on data from Schmitz et al.
2001) are presented as kinetics of relative variable fluorescence Vi = (F-F,)/(Fu-Fo), open circles,
left axis, and as difference kinetics, AV;, i.e. nitrogen deficient minus control (closed circles, right
axis; see also legend of Fig. 21.4), where the extent of deficiency increases form bottom to top.
The transients show the typical basic STEPS O-J-I-P (see also Fig. 21.5) while, as demonstrated
in the upper panel, the difference transients reveal the full sequence of BANDS O-L-K-J-I-H-G-P
(P or any F, ), which is much richer in information (for the L-band, see Fig. 21.8). INFOS refer to
the main information that can be derived by each band, i.e. information concerning Qx (oxidised
primary quinone acceptor), p,c (overall grouping probability within PSII antenna), OEC (oxygen
evolving complex), Qs -(reduced secondary quinone acceptor, one electron), Qi (reduced second-
ary quinone acceptor, two electrons), QsH, (protonated secondary quinone acceptor) and ECreq
(fully reduced electron carriers). The vertical dashed line separates the phase of single-turnover
events of primary photochemistry from that of multiple turnover events
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organisms upon illumination, based on a simple model and the Theory of En-
ergy Fluxes in Biomembranes (Strasser 1978, 1981). It is well documented that
the shape of the O-J-I-P transient and its analysis by the JIP-test are efficient
biophysical tools, not only in the recognition and evaluation of the beneficial
role of mycorrhiza symbiosis on PSII activity (which we also approach as stress
- see Tsimilli-Michael and Strasser 2002; see also Tsimilli-Michael et al. 2000)
but, much more generally, in the biophysical phenotyping of the photosynthetic
apparatus of a plant under any stress, biotic (e.g. Tsimilli-Michael et al. 2000)
or abiotic, i.e. any stress caused by changes in different environmental condi-
tions, e.g. light intensity, temperature, drought, atmospheric CO, or ozone el-
evation, chemical influences (Srivastava and Strasser 1995, 1996; Srivastava et
al. 1997; Tsimilli-Michael et al. 1995, 1996, 1999, 2000; Tsimilli-Michael and
Strasser 2001; Van Rensburg et al. 1996; Kriiger et al. 1997; Ouzounidou et al.
1997; Clark et al. 1998, 2000; Van Heerden et al. 2003), even by diurnal changes
(Strasser and Tsimilli-Michael 2001), as well as by senescence (Prakash et al.
2003). For a review, see Strasser et al. (2004).

The “JIP-test”, which is a conversion of fluorescence data (selected as de-
scribed above in 21.2.4.2; see also Fig. 21.5) to biophysical parameters and the
performance index, is schematically presented in Fig. 21.7 and analytically in
Table 21.1.

The biophysical parameters, all referring to time zero (onset of fluorescence
induction) are: (a) the specific energy fluxes (per reaction centre, RC) for absorp-
tion (ABS/RC), trapping (TR,/RC), dissipation (DI,/RC = ABS/RC - TRy/RC;
not shown in Fig. 21.7, but see Table 21.1) and electron transport (ET,/RC), (b)
the flux ratios or yields, namely, the maximum quantum yield of primary photo-
chemistry (¢p, = TRo/ABS), the efficiency (y,= ET,/TR, ) with which a trapped
exciton can move an electron into the electron transport chain further than
Q. and the quantum yield of electron transport (¢g, = ETo/ABS = @p, X o), (c)
the phenomenological energy fluxes (per excited cross-section, CS) for absorp-
tion (ABS/CS), trapping (TR,/CS), dissipation (DI,/CS) and electron transport
(ET,/CS). The amount of active PSII reaction centres per excited cross-section
(RC/CS) is also derived by the JIP-test. [Note: the calculation of the phenomeno-
logical fluxes is based on the ABS/CS flux, which can be directly determined (as
Chl/area or Chl/dry weight or Chl/protein) or approximated by F, or Fy].

Figure 21.7 depicts also the definition of the performance index on an absorp-
tion basis, PI,ps, which compiles all basic biophysical parameters and, as well

» Fig.21.7 Conversion of fluorescence data selected from an O-J-I-P fluorescence transient to
biophysical parameters with the JIP-test, which is based on the Theory of Energy Fluxes in Bio-
membranes. The figure distinguishes experimental signals, normalised signals and biophysical pa-
rameters, the latter being further distinguished in specific and phenomenological fluxes and yields
(or flux ratios). The definition of the performance index on absorption basis, PI,gs, is also depicted,
together with the formulae which link the PI,gs with the experimental and normalised signals and
the biophysical parameters. (Chlrc and Chl.y stand for the chlorophyll content of the reaction cen-
ters and of the antenna respectively, while Chliw = Chluw + Chlge stands for the total chlorophyll;
for the definition of other symbols, see text, Table 21.1 and Fig. 21.5)
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documented (for reviews, see Strasser et al. 2000, 2004), is a very appropriate
representative index of the vitality of the photosynthetic system — macrostate:

Yre A Ppo i Vo
I=Yre 1=¢p, 1-y,

plmss =

where yrc = Chlre/Chli, hence yre/(1-yrc) = Chlre/Chli ~ RC/ABS.

According to the definition, the performance index is a product of expressions
of the form [pi/(1-p;)], where the several p; stand for probabilities or fractions.
Such expressions are well known in chemistry, with p; representing e.g. the frac-
tion of the reduced and (1-p;) the fraction of the oxidised form of a compound,
in which case log[pi/(1-p;)] expresses the potential or driving force for the cor-
responding oxido-reduction reaction (Nernst’s equation). Extrapolating this in-
ference from chemistry, we can define the log(PI,gs) as the total driving force
(DFps) for photosynthesis of the observed system, created by summing up the
partial driving forces for each of the several energy bifurcations (all at the onset
of the fluorescence rise O-J-1-P).

RC ¢ "o 0
DFy0 ol ) = 10 ) {22 o 22
— Y¥YPo =Y,

By presenting a clear distinction between experimental signals, normalised sig-
nals and biophysical parameters, Fig. 21.7 depicts also how Pl can be directly
calculated using any of these sets.

213
Case Study

21.3.1
Mycorrhization and the Advantages of Piriformospora indica,
an Emerging Growth Booster

The beneficial role of arbuscular mycorrhiza fungi (AMF) is well documented.
P indica, which belongs to the Basidiomycota, is a newly described root endo-
phyte (Verma et al. 1998) with AMF-like characteristics (Varma et al. 2001).
Moreover, in contrast to AMF which are obligate endosymbionts, P. indica has
the added advantage of being able to grow in axenic cultures - it is cultivable in
vitro (Varma et al. 1999).
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P indica has growth- and yield-promoting effects on a broad range of plants,
including medicinal plants: shoot and root length, biomass, basal stem, leaf area,
overall size, number of inflorescences and flowers and seed production are all
enhanced in the presence of fungi (Rai et al. 2001). Inoculation with the fungus
and application of fungal culture filtrate also increase tolerance to temperature
and drought, as well as to heavy metals. For example, concerning cadmium,
which exerts toxic effects on plants, P. indica provides alleviation of the caus-
ative stress (tolerance up to 300 ug Cd per gramme of air-dried soil). Moreover,
P, indica has the properties of biofertilizer, bioregulator, phytoremediator, im-
munomodulator and antioxidants/drugs enhancer (Varma, personal commu-
nication). It also provides biocontrol against insects and pathogens (Pham et al.
2004a,b,c).

All these impressive traits make P, indica very valuable, both for basic re-
search, as an excellent model organism for the study and understanding of the
beneficial plant-microbe interactions and for applied research, as a powerful
new candidate tool for improving plant production systems in agroforestry and
flori-horticulture applications for sustainable agriculture.

We here apply our approach for a comparative study of the beneficial role of
typical arbuscular mycorrhiza fungi (G. mosseae, G. caledonium) and P. indica,
on chick peas (Cicer arietinum L. Chafa variety) exposed to cadmium stress.

21.3.2

Phenomics of the 0-J-1-P Fluorescence Transient for the Study

of Cadmium Stress on Chick Peas (Cicer arietinum L. Chafa variety)
With and Without Symbiosis With Glomus mosseae, G. caledonium
and Piriformospora indica

As analysed above (Fig. 21.6), normalisations and differences of the fluorescence
transients reveal a deconvolution of the typical O-J-I-P shape into additional
bands, carrying useful information about microstates of the photosynthetic sys-
tem.

Figure 21.8 is an application of this approach to the presented case study. O-
J-1-P Chl a fluorescence transients are plotted as kinetics of the relative variable
fluorescence W, = V|/V; = (F-F,)/(F-F,) on a logarithmic time-scale (like in
the lower panel of Fig. 21.4). The presented transients were exhibited by dark-
adapted leaves of chickpea (C. arietinum L. Chafa variety) measured with the
Handy-PEA fluorimeter at the 42nd day after inoculation with G. mosseae
(black diamonds), G. caledonium (black squares) and P, indica (black circles).
All inoculated plants were under cadmium stress (added on the 21st day). The
transients from non-inoculated plants of the same age in the absence (control,
grey circles) or presence of Cd (black triangles) are also depicted. We observe
that these transients (open symbols) show minor differences (similarly to the
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Fig. 21.8 Chl a fluorescence transients (each presenting average kinetics of raw fluorescence data
from 12 samples) of dark-adapted leaves of chick peas (Cicer arietinum L. Chafa variety) measured
with the Handy-PEA fluorimeter at the 42nd day after inoculation with G. mosseae (black dia-
monds), G. caledonium (black squares) and P. indica (black circles). All inoculated plants were under
cadmium stress (added on the 21st day). The transients from non-inoculated plants of the same age
in the absence of Cd (control, grey circles) or presence of Cd (black triangles) are also depicted. The
transients are presented as kinetics of the relative variable fluorescence W, = V\/V; = (F-F,)/(F-F),
open symbols, left axis, and as AW, (treated minus control; closed symbols, right axis). The insert
depicts, on a linear time-scale from 50 ps to 300 ys, the transients normalised as (Fi—Fo)/(Fsoous—Fo),
as well as their differences A[(F—Fy)/(Fsoou—Fo)] from the control, which reveal the L-band

cases presented in Figs. 21.4, 21.6). However, when plotted as difference kinetics
AW, (treated minus control; closed symbols), they reveal major differences con-
cerning the amplitudes of the bands. The difference kinetics demonstrate that:
(a) the trend of the impact of all three symbionts is the same and (b) this impact
is the almost complete elimination (range 50 s to 2 ms) or even the overcom-
pensation (2 ms to 1 s) of the major effects of Cd stress on the transients. Similar
information is derived from the insert of Fig. 21.8, where the transients are de-
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Fig. 21.9 The relative performance index Plaps/Plassconra (left panel) and the relative maximum
quantum yield of primary photochemistry @eo/@pocontrol (right panel), from day 10 to day 56 after in-
oculation of chick peas (C. arietinum L. Chafa variety) plants with P. indica. Inoculated (grey circles)
and non-inoculated (black circles) plants were put under cadmium stress on the 21st day. The value
of the parameter from non-inoculated, and without addition of cadmium, plants of the same age
was used as the control value of each parameter (subscript “control”)

picted, on a linear time-scale from 50 ps to 300 us, as (F.—F)/(Fs.—Fo), along
with their difference A[(F—F,)/(Fs0.s—Fo)] from the control. It is worth noting
that, when this normalisation is used, the difference transients reveal the L-band
(not appearing in AW; see legend of Fig. 21.6).

Let us now follow the impact of Cd stress with and without symbiosis on
parameters derived by the JIP-test.

We first demonstrate a comparison of the impact of P. indica on the perfor-
mance index Pl (for definition and formulae, see Fig. 21.7) and the commonly
used maximum quantum yield of primary photochemistry ¢y, (for definition
and formulae see Table 21.1) by depicting in Fig. 21.9 their stress kinetics from
day 10 to day 56 after inoculation with P. indica. Inoculated (grey circles) and
non-inoculated plants (black circles) were put under cadmium stress on the 21st
day. The parameters are presented as PI,ps/PIaps contal (left panel) and @po/ @pocontrol
(right panel), where PI,ps control @0 @poconurol Fefer to non-inoculated plants of the
same age that were not put under cadmium stress (control plants).

We observe that the PI.ps/Plspsconro Undergoes wide changes during the
course of the stress. Though Cd addition is shown to affect both non-inocu-
lated and inoculated plants, the beneficial role of the symbiont concerning the
tolerance to Cd stress is clearly revealed. @po/@poconro @ppears much less sensi-
tive than PI,ps/Plpsconno @and thus much less appropriate in detecting vitality
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Fig. 21.10 The impact of cadmium stress on different parameters derived by the JIP-test from the
fluorescence transients (for terms, definitions and formulae, see Section 21.2.4.4, also Fig. 21.5 and
Table 21.1). The figure refers to the 42nd day after inoculation with G. mosseae (diamonds), G. cale-
donium (squares) and P. indica (circles). All inoculated plants were under cadmium stress (added
on the 21st day). The case of non-inoculated plants of the same age under cadmium stress is also
depicted (triangles). Each case is represented by an octagon, where the value of each parameter
is normalised on that of the control case (i.e. non-inoculated, and without addition of cadmium,
plants of the same age), which is thus depicted by the regular octagon (dashed thick line)

changes. However, magnification of the changes it undergoes (as shown in the
insert) reveals that it exhibits a trend similar to that of PIps/PI,psconuel fOr both
non-inoculated and inoculated plants.

The spider-plot of Fig. 21.10 presents the impact of cadmium stress on dif-
ferent parameters derived by the JIP-test from the fluorescence transients, for
non-inoculated and inoculated (with the three symbionts) plants. The param-
eters are: Plyps, ®po, Yor Pror RC/ABS, Vi, TRy/RC and ET/RC (see text in Sec-
tion 21.2.4.4, also Fig. 21.5 and Table 21.1). The figure refers to the 42nd day
after inoculation with G. mosseae (diamonds), G. caledonium (squares) and P
indica (circles). All inoculated plants were under cadmium stress (added on the
21st day). Non-inoculated plants of the same age under cadmium stress are also
depicted (triangles). Each case is represented by an octagon, where the value of
each parameter is normalised on that of the control case (i.e. non-inoculated,
and without addition of cadmium, plants of the same age), which is thus de-
picted by the regular octagon (dashed thick line).

Further than depicting in a comparative way the quantitative impact of stress
on the individual parameters, each of which is linked to microstates, the presen-
tation of the results with a spider-plot has the advantage of providing an easy



21. Biophysical Phenomics for Evaluating the Impact of Mycorrhization with P. indica 337

40

T T T T

98]

S
|
T

Gm+Cd @ Pi+Cd

T T T T

@ control

T T T T

Plant height, cm
[\
(e
i

—_

S
|
T

T T T T

0 5 10 15 20 25

Performance index Plagg

Fig. 21.11 Correlation of the height of the plant (physiological parameter) and the performance in-
dex Plgs (biophysical parameter) derived by the JIP-test, for non-inoculated chick peas (C. arieti-
num L. Chafa variety) plants in the absence (control) or presence (+Cd) of cadmium, or inoculated
with G. mosseae, G. caledonium and P. indica and exposed to cadmium stress (Gm+Cd, Gc+Cd and
Pi+Cd, respectively)

recognition of stress effects. We can immediately see the distortion from the
regular octagon (control) caused by Cd (triangles), which can be registered as
the characteristic pattern of Cd stress; and we can also see that, for plants in
symbiosis with any of the three symbionts, almost no distortion from the con-
trol pattern (regular octagon) occurs.

21.3.3
Correlation of Physiological with Biophysical Parameters

Further than proving the high sensitivity of the performance index, we also
checked whether and how it is related with physiological parameters, commonly
used for the evaluation of the impact of symbiosis on the vitality of plants. Fig-
ure 21.11 shows indeed a striking correlation between the height of the plant
and the performance index PI,gs. The data presented come from non-inocu-
lated chick peas (C. arietinum L. Chafa variety) plants in the absence (control)
and presence (+Cd) of cadmium, as well as from plants inoculated with G. mos-
seae, G. caledonium and P. indica and exposed to cadmium stress (Gm+ Cd, Gc+
Cd and Pi+ Cd, respectively).
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214
Conclusions

Biophysical phenomics, as we term our approach, here applied for the evalua-
tion of the effectiveness of mycorrhization, is shown to be powerful for the de-
scription of an in vivo vitality analysis (behaviour/performance) of PSI], i.e. for
the description of a biophysical phenotype (macrostate), as well as for the recog-
nition and evaluation of stress impacts on microstates (the functional building
blocks into which the macrostate is deconvoluted). With this approach we dem-
onstrate the beneficial role of typical AMF and of the equally effective P. indica,
concerning tolerance to Cd stress.

Our techniques are thus shown to be very suitable for studying the effective-
ness of soil microbial activity. The advantages of these techniques can be sum-
marised as follows:

o They provide an early diagnosis of vitality changes (primary stress effects,
hence stress tolerance).

o They can be used to screen not only leaves but any green part of the plant.

o They are rapid — only a few seconds are needed for each measurement.

o They can be applied in vivo.

o They can be carried out anywhere - in the field, in the greenhouse or even in

tissue cultures — and even on samples as small as 2 mm”.

o They are not invasive.
o They are inexpensive.
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